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ABSTRACT

Single crystal layers of ZnS and ZnSe have been epitaxially
grown on p—type GaP using an HCl close-spaced vapor transport system.
Grown layer doping is accomplished using heavily doped source (ZnS,
ZnSe) material and a zinc vapor diffusion process that reduces the
number of compensating zinc vacancies. Experimental characteristics
of nZnS-pGaP and nZnSe—-pGaP diodes indicate dominance of the forward
I-U relationship by space-charge~limited flow in the 103—104 ohm~cm
ZnS and ZnSe. The reverse I-U characteristics of these devices
agree qualitatively with a multistep tunneling process but show
larger than expected reverse currents. The reverse bias capacitance
is strongly frequency dependent in all devices studied. Forward in-
jection electroluminescence was not observed from any of the nZnS~pGaP
and nZnSe-pGaP devices studied.

Further studies were conducted in the iodine system.to grow &
thin pGe layer followed by a n-type Ge layer on nGaAs to produce a
Ge-GaAs transistor. A method using diborane as a dopant was developead
to grow the p-type Ge without a thin intermediate n-type Ge layer at
the interface. Measurements of an n-Ge-n-GaAs heterojunction yielded

a barrier height of 0.37 eV in the conduction band.
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I.  INTRODUCTION

During this report period the grant entered the final phase of its step
funding. The effort during this period was devoted to completing work on the
growth of ZnS and ZnSe on GaP and to continuing the Ge-GalAs junction studies.

Work on ZnS and ZnSe on GaP was completed and a paper prepared for pub-
lication. This appears as section II of the report. This work resulted in
the first nZnS-pGaP and nZnSe-pGaP junctions prepared but the I-U character-—
istics were shown to be dominated by space charge flow in the ZnSe and ZnS in
the forward direction and tunneling in the reverse.

A procedure was developed using diborane as a dopant for growing pGe on
nGaAs without the introduction of an intermediate n layer in the Ge at the
interface. This should enable the subsequent fabrication of a nGaAs—pGe-nGe

transistor during the next period.



II. THE GROWTH AND ELECTRICAL CHARACTERISTICS OF EPITAXIAL LAYERS OF
ZnS AND OF ZnSe ON p TYPE GaP

1. INTRODUCTION

Over the past decade there has been an ever increasing interest in the
properties and the device feasibility of III-V and II-VI compound semiconductors.
The wide band gaps and high mobilities of some III-V and II-VI compounds make
them attractive for use in high operating temperature devices, in semiconductor
lasers and light-emitting devices and in certain high~frequency applications.
However, the technology of III-V and II-VI compounds is somewhat behind that
of Ge and Si (especially in regards to crystal perfection). Most of the II-VI
compounds have the added disadvantage of being not easily doped p and n type
and are very easily self-compensated. Crystals that are combinations of III-V
and IT-VI compounds have been synthesized in the hope: of obtaining the favorable
wide band gap properties of a II-VI with the favorable doping properties of a
ITI-V, but with limited success. Heterojunctions between II-VI and III-V
semiconductors offer an alternative approach to combining the favorable pro-
perties of the II-VI and III-V compound semiconductors.

The initial’ interest in semiconductor heterojunctions was centered about
improving the injection efficiency of transistors using a wide band-gap emitter-
narrow band~gap base heterojunction [1]. Such "heterojunction' tramsistors
have been fabricated using heterojunctions of CdS/Si [2] [3], GaAs/Ge [4],
ZnSe/Ge [5] and ZnSe/GaAs [6 ]. The current gain of these devices tends to be
in the range 10-50 and appears to be limited by defect components of emitter
current caused by interface states or defects near the interface. At present
research on the heterojunction transistor is being continued along the lines
of improving the heterojunction interface by investigating new heterojunction
pairs and different methods of heterojunction fabrication.

Recently, interest in heterojunctions has been stimulated by the excellent
performance of double confinement pode lasers using heterojunctions of AQX

Gal_xAs—GaAs [71 [8]. Also forward bias junction electroluminescence has been



observed in several heterojunctions, CdS/ZnTe [9]1, ZnSe/ZnTe [10] [11],
GaP/GaAs [12], ZnSe/GaP [13], ZnTe/CdSe [14].

The choice of semiconductors to be used in heterojunctions is primarily
governed by the need to avoid mismatch or mechanical stress at the interface
which might introduce defect states in the band gap of either semiconductor.
Such defect states severely limit the performance of most semiconductor
heterojunction devices.

In this study the heterojunction pair ZnS-GaP was chosen for investigation
since (1) the lattice match is close and strain at the interface was not expected
to be overly great and (2) the expected band diagrams from electron affinity
considerations are favorable for forward bias injection of minority carriers.
This suggests that nZnSe~pGaP junctions may be promising for both transistor
and electro-optical action. The lattice mismatch between cubic ZnS and GaP is
about 17%. The thermal coefficient of expansion for the two materials differ
by no more than 20% in the temperature range 30°¢-600°C. Other investigators
have successfully grown ZnS on GaP [15] and on Si [16].

Some studies were also made of the ZnSe/GaP heterojunction pair although
the lattice mismatch of 47 for these materials was expected to result in high
densities of interface states.

2. EXPERIMENTAL

2.1 Heterojunction Preparation

ZnS and ZnSe were epitaxially grown upon GaP using the HCl close-spaced
system described by Hovel and Milnes [17]. GaP, p-type, substrates were

chemically polished in 2HNO,; HC1l prior to growth. The resulting (111)B

33
surface (terminating in phosphorous atoms) was mirror smooth while the opposite

surface, (111)A, had a slightly rippled surface. A search of the literature

suggests that at present no chemical etch has been discovered that will impar



a smooth surface to the (III)A face of GaP. All growths of ZnS, ZnSe were
therefore made on the (ITI)B face of the GaP.

Immediately after the final chemical etch, GaP substrates were coated with
a 2000 pis layer of SiO2 grown by the oxidation of tetraethylortho-silicate (TEOS)
at 430°C in a system designed after that described by Heunisch[18]. The 510,
layer was found necessary to prevent substrate etching during the growth process.

Large grain size ZnS and ZnSe were used as source material. Sources were
1apped flat to 3um and degreased. Before growth the ZnS was etched in concen-
trated H,PO, and the ZnSe was etched in concentrated HCl. All growth runs were

3774

made with the HCl system parameters given below:

T 780°¢C
source

o
Tseed 650°C
[HC1] in H2 0.04%
Total Gas Flow Rate 200cc/min
Source—~Seed Spacing 12 mils
Cooling Rate 1°C/min

Growths were cooled slowly to minimize ZnS and ZnSe cracking due to lattice and
thermal expansion differences.

N-type doping of grown ZnS and ZnSe layers was achieved by using Al doped
ZﬁS and Ga doped ZnSe sources, coupled with a processing step involving a zinc
overpressure to suppress zinc vacancies.

The ZnS was received doped to 100 ppm Al. The ZnSe was undoped as received
and had to be doped with Ga using the liquid zinc alloy process described by

Aven [19]. The electron concentration in the al doped ZnS was 5x1016cm~3 and

in the Ga doped ZnSe was lx1017cmf3.

A zinc overpressure scheme to suppress
donor-compensating zinc vacancy acceptors that formed in the grown ZnS, ZnSe

layers at the elevated growth temperature was achieved by sweeping zinc - vapor

over the grown layers as they cooled slowly after growth [17].




2.2 Electrical Measurements

N-type ZnSe and ZnS layers 4um thick were grown on (111)B oriented p-type
GaP slices cut from the same boule. Growth chips were diced and 1-2ym of ZnSe
or ZnS was chemically removed with 2% bromine in methanol and hot concentrated
phosphoric acid (9OOC), respectively. This etching step was necessary to
remove any compensated surface layers. 1In the case of ZnS the phosphoric acid
treatment also promoted wetting of In contacts. Next, mesas were etched with
HCl:HNO3 to reduce surface leakage currents and to define cross-sectional areas
for current flow. The p-type GaP was alloyed to a header and contacted at
450°¢ using a Ga-257 Zn alloy. Contact to the n-type ZnSe and ZnS was made
(with the chip on a header) using an In dot or an In-Hg amalgam alloyed at
350°C. All contact processes used 2-5% HCl gas in Ar-15% H2 as a flux [207.

The contacts to the ZnSe, ZnS and GaP were not perfectly ohmic above
100A/cm2 at 300°K. At 77°K contact quality was further degraded by increased
contact resistance and increased GaP resistivity due to partial freeze-out of
the 0.064 eV Zn lgvel in GaP [21]. Better GaP ohmic contacts might be achieved
if the alloying temperatures could exceed 450°C. For instance Dierschke and
Pearson [22] have produced contacts to p-type GaP with Au-5% Zn alloyed at 650°¢C
for 5 minutes in an H2 atmosphere. However in this work a temperature of 650°¢C
must be ruled out since it would crack the grown ZnSe and ZnS layers due to
the necessary rapid thermal cycling as well as driving the grown layers high
in resistivity by the loss of Zn.

I-U characteristics were measured at 300°K by placing devices under vacuum,
in N2 gas ambient and in room air. At 77°K the I-U measurements were made with
devices under vacuum gnd directly immersed in liquid nitrogen. At 300°K and 77°K
no measureable difference in results was found between the different methods. A
Fluke 825A differential voltmeter and a Keithley Instruments 600A electrometer

were used to measure voltage and current, respectively. C-U measurements were




performed at 1 MHz using a General Radio Co. Type 821-A Twin-T bridge. At 1 KHz

a General Radio Co. Type 1608-A Impedance Bridge was used.

3. RESULTS

3.1 Expitaxial Growth

Single crystal ZnS and ZnSe films were grown on (111)B oriented GaP. Growths
were from 3-4um thick. Laue x-ray back-reflection patterns of a 15um ZnS growth
on (111)B GaP revealed a six-fold rotational symmetry that‘corresponded to the
ZnS. The ZnSe surface morphology was almost featureless and very smooth whereas
the as-grown ZnS morphology showed a little more texture. The growth rates were
6um/hr and 3um/hr for ZnSe and ZnS, respectively, for the HCl system growth
parameters given in section 2. No grown-layer cracks were observed as long as
the cooling rate was less than 2bC/min.

Both ZnSe and ZnS growths showed smooth unetched GaP surfaces after partial
selective ZnSe and ZnS removal in concentrated HCl. The morphology of the grown
ZnS layer and an exposed GaP surface are shown in Fig. 1. The lines in the GaP
region are probably interface misfit (slip) traces revealed by the HCl.

As-grown and beveled ZnS surfaces were treated in chromic acid to reveal
defect structure and interfacial solid-solution transition regions. No ZnS~GaP
solid-solution was revealed, Fig. 2, although the ZnS-GaP system is reported to
form mixed crystals in all proportions [23]. Fig. 3 shows slip lines and etch
pits in the ZnS indicating that the ZnS (on GaP) is under considerable strain.
The ZnS etch pit density is approximately lO8c:m-'2 and is about two orders of
magnitude larger than that of the GaP substrate (measured before and after
growth and found to remain constant).

Typical grown ZnS and ZnSe n~type resistivities ranged from 106-108ohm—cm
if a ZnS overpressure was not present as the growth cooled. Zinc vapor pressures
of 50-100 mHg in the vicinity of the cooling grown layers reduced the ZnS,

ZnSe resistivity to 103;104 ohm-cm provided the ZnS, ZnSe sources were heavily
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Fig. 1. ZnS-GaP interface with Zn$ partially removed.
(Specimen (S-66).
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Fig. 2. Angle lapped ZnS~GaP interface treated with
chromic acid. No apparent ZnS5-GaP solid
golution region is revealed, Specimen CS$-663},
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As-grown ZnS surface etched in chromic acid.
Slip lines and etch pits are revealed. (Specimen
C5-56) .
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N
doped with Al and Ga, respectively. Undoped ZnS, ZnSe sources produced 1O

ohm-cm grown layer resistivities after the zinc step.

3.2 Electrical Characteristics

A typical log I versus log U forward characteristic of an nZnS-pGaP diode
is give in Fig. 4. This characteristic is relatively temperature insensitive
with a high power law dependence at low biases followed by a break into a
lower power law region. The high bulk resistivity of the ZnS makes it improbable
that éharacteristics of the form

I=1 exp‘§§§
kT

associated with thermal injection over a barrier could be observed, even if

(D

eqn(l) should represent the actual junction voltage-current relationship.
Instead the observed device voltage appears to be dominated by the space-charge
limited flow component in the ZnS.

Fig. 5 shows a similar power law I-U relationship for an ZnSe~pGaP dicde.

The reverse characteristic of an nZnS-pGaP diode plotted as log I versus
Iog U is given in Fig. 6. This characteristic is also moderately temperature
insensitive. A iow power-law is observed at low biases with a break into a
high power-law region at higher biases.

Practically all nZnS-pGaP devices had a large degree of noise and jitter
associated with both the forward and reverse characteristic. The entire V-1
characteristic shifted about (2-5 shifts/sec.) when viewed on an oscilloscope
curve tracer and in most cases was unmeasurable by dc technique. Light from an
incandecent lamp focused on nZnS-pGaP and nZnSe-pGaP diodes did not reduce
the jitter or the noise. Usually the worst jitter was seen in the reverse
direction and was an order of magnitude greater in magnitude on nZnSe-pGaP
devices than in n-ZnS-GaP devices. Consequently, no measured reverse character-
istic can be presented for nZnSe-pGaP devices. The forward characteristic of

the nZnSe-pGaP diode shown in Fig. 5 was reasonably noise-free.
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The noise and jitter was not due to contacts. Many devices had more than
one contact per semiconductor, and the V-T relationship between two contacts on
either the ZnS or the GaP was always linear and noise free at current densities
up to 100 A/cm2 (about 10 mA). No noise or jitter occurred above 100 A/cmZQ but
the contacts began to deviate from linearity above this current density. Schottky
barrier diodes of excellent rectification ratios were made with indium on material
from the same GaP slice as:used for the nZnS-pGaP devices and &id not show any
noise or jitter.

The capacitance reverse-voltage characteristic of an nZnS-pGaP diode is
given in Fig. 7. The straight line '"best fit" characteristics are of the form

~X

Cm(Ué+UD) (2)

where r was about .04 and C is the capacitance, Ua is the applied reverse voltage
and UD is a constant that is associated with the built-in heterojunction poten-
tial. Both C and UD are frequency aependent. Capacitance reverse-voliage cata
for nZnSe-pGap devices were not obtainable due to excessive noise.

An atiempt was made to observe optical radiation from forward biased nZnS-
pGaP and nZnSe-pGap heterojunctions. Devices were mounted flush with the cathode
face of a 7102 photomultiplier tube (S1 response) and pulsed to forward current
densities as high as 2x103 Amp/cmz. Pulse widths ranged from 2~10 usec. Devices
were examined at 300°K.

No light was detected in the spectral range (0.3um to 1.2um) of the 7102

photomultiplier tube.

4. DISCUSSION OF THE RESULTS

4.1 Epitaxial Growth

The well defined Laue spot~patterns obtained from thick ZnS growths indicate
that the growth is not polycrystalline. However the crystalline quality of the
grown layers could not be determined from spot patterns. Crystal perfection is

best determined by other x-ray methods (x-ray rocking‘curves and diffraction
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contrast) not available for the present work. The six-fold symmetry observed
in ZnS spot patterns may come either from a twinned (I111) oriented structure
or a (0001) oriented hexagonal or 6H polytype structure. Between the growth
temperature and BOOOK, both hexagonal and cubic forms of ZnS may exist. The
cubic phase appears as a twinned structure with (LI11) planes parallel to the
(0001) planes of the hexagonal phase. Bertoti et al. [15] observed that ZnS
grown on (111)B GaP at 740°c-880°¢C had a hexagonal or 6H polytype structure.
More x-ray analysis would be necessary to determine the structure of the ZnS
grown in this study. One can only infer frém the x-ray patterns that the ZnS
overgrowth is oriented either (111) or (0001) which might be expected since
the GaP is (111) oriented.

Bertoti et al [15] report a transition layer at the interface of ZnS-GaP
grown in an HCl closed-tube vapor transport process using GaP substrate tem-
peratures ranging from 740°c-880°¢ (much higher than the 650°C of this study) .
This layer is attributed to chemical attack of the GaP°with subsequent forma-
tion of a ZnS-GaP solid solution at the interface. No such transition region
was observed in this work (see Fig. 2). The low substrate temperatures and
HCl concentrations used here have probably prevented significant chemical
attack on the GaP.

The high density of etch pits revealed by the chromic acid etch indicates
that the grown ZnS is imperfect even though regular well-defined Laue spot
patterns are obtained. The defects could be a result of strain relief at the
ZnS~GaP interface or stacking faults in hexagonal regions of the ZnS that intro-
duce regions of cubic disorder [25].

The lower limit to ZnS, ZnSe grown layer resistivity appears to be about
lO3 ohm~cm when using doped source material and zinc overpressures applied
below the growth temperature as a means of doping grown layers. This rather
high resistivity is probably due to low source to seed dopant (Al, Ga) transport

ratios rather than inefficiencies in the zinc overpressure treatment. Separate

experiments with bulk doped (Al) ZnS, (Ga) ZnSe in the growth system have shown
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the zinc overpressure treatment to be as effective as the liquid ZnS technique
of Aven [19] in reducing the zinc vacancy concentration.

4.2 I-U Characteristics, Theory

The proposed equilibrium (no applied bias) energy band diagram for an
nZnS-pGaP heterojunction is shown in Fig. 8 (a). The band diagram for an
nZnSe-pGaP heterojunction is similar except that Eg(ZnSe) is 2.68eV,AEC ig

0.21eV, AE_ is 0.22eV, and qUp is 2.1eV. These band diagrams were derived

Y
from the electron affinity difference model proposed by Anderson [25] and
must be regarded as tentative in the absence of direct determination. he
valence band interface discontinuity AEN}S equal to the difference between
the sum of the electron affinity and energy band gap of the two materials.
The diffusion potential, UD’ is equal to the Fermi level difference between
the two materials before they are brought together and mostly appears in the
moderately high resistivity n-type material due to the large difference in
doping densities between the n and p regions. The model assumes that there
is no charge at the interface. The hump in the GaP near the interface is the
effect of Zn which has diffused into the GaP from the ZnSe during the zinc over~
pressure step. This diffused region may extend from 0.1 to‘me into the GaP,
depending on the zinc processing time and temperature.b

The electron affinities used to construct the ZnS/GaP and ZnSe/GaP band
diagrams are 4.09eV for ZnSe [26], 3.9eV for ZnS [27] and 4.3eV for GaP. There
appears to be no report on a direct measurement of the electron affinity of GaP.

Weinstein et al []7] have proposed that AE, is equal to 0.22eV for pGaAs-nGaP

C
junctions. This implies (from the Anderson heterojunction model) a GaP electron
affinity of 4.3eV. In studying nGaAs-pGaP junctions Alferov et al. [28] dispute
the AEC value (.22eV) proposed by Weinstein et al. [29] and suggest an electron
affinity of 3.0eV for GaP based on Au-nGaP metal-semiconductor barrier heights

reported by Cowley and Heffner [30]. Furthermore Alferov et al. [29] use 3.65eV

for the GaAs electron affinity when interpreting the GaAs-GaP behavior; which
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does not agree with the value 4.07eV reported by Gobeli and Allen [30]. Davis

et al. . [32] attempt to clarify the discrepancy in AE_, by examining n-n, p-n and

C
n~-p GaAs-GaP junctions. Their results suggest O < AEC < 071 eV. 1In this study
nZnS-pGaP capacitance data indicate a GaP electron affinity between 4.2 and 4.4 eV
(using the Anderson model). Therefore an electron affinity value of 4.3 eV has
been used for GaP in obtaining the diagram in Fig. 8(a).

Fig. 8(b) shows the proposedparticle current densities at the interface
under forward bias [n{-), p(+)]. Interface states and an unknown distribution
of traps in the moderately high resistivity ZnS and ZnSe have been assumed. In
the forward direction most of the applied voltage is across the high-resistivity
n region resulting in the possibility of space~charge-limited current, JSCL’ in
the bulk of the n region. Most of the voltage developed across the n and p
region depletion regions is on the high resistivity n side and is designated
U_.-U . The corresponding voltage across the p region depletion region is
U —Uap [not labeled in Fig. 8(b)]. The diffusion voltage and total applied

voltage are U U_. and Ua =0 + Uap’ respectively.

p Vb T Upp an

First consider the particle current densities at the interface under forward
bias. There are electrons tunneling directly from the n region conduction band
into interface states to recombine with holes for a current density Je; there
are electrons recombining at the interface with holes for a current density JS;
there are electrons captured within the n region depletion width followed by
tunneling to interface states (j&) and there are electrons thermally injected
into the p region conduction-band from the n region (Jn). There may also be
additional recombination of n region electrons (not shown in Fig. 8(b) with
p region holes that tunnel to n region traps or are injected into the n region
and by generation-recombination processes. These latter processes have been

neglected due to the moderately large value of AE_ and the large band gaps of

Y
ZnS and ZnSe.
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The functignal dependence of Je? Jr’ JS and Jn has been developed by Hovel

and Milnes [32]. They suggest that

J, = exp g—a(UDn—Uanﬂ (3)

and J. = exp gja(UDn—Uani] : (4)
for J_ limited by tunneling, where a = 4 b im* ¢ (5

r i 37 R ﬁ———n

d
also Jr « ND expé;q(UDn-Uan)} {(6)
L ]

where Jr is limited by electron capture by traps, and

Js * Nd exp —q(UDn—Uan) (7)
i KT

where the interface recombination is limited by the n region electron supply, and

Jn o qunEOND exp (8)

and JSCL = Je + Je + Js + Jn (%)
where M is the injected electron mobility in the p region, Eo is the electric
field at the interface (500~800 volt/cm) in the p region due to the diffused Zn
impurity gradient, R is the number of tunneling steps (via traps), m* is the
electron effecitve tunneling mass in the n region, € is the dielectric coefficient

of the n region, and N_ is the effective doping concentration in the bulk n~region.

D
Fig. 8{c) shows the reverse bias [n{+), p(-)] situation. The reverse current
consists of Jre electrons.in the p regions flowing over the hump and small barrier

into the n region, Jz due to Zener tunneling from the p region valence band to

the n region conduction band either directly or via n-region traps, Jgt due to
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electrons in the p region valence band being raised in energy to an interface

state level followed by tunneling into the n region conduction band, and JL’

due to surface leakage. Jgt will be neglected since moderately large energies

are necessary to raise valence band electrons to interface state levels. er

quickly saturates when UDp~Uap? AEC.
At high reverse bias the p region valence band may become level with the

n region conduction band allowing Zener tunneling to occur. The current for

this process has been described by Riben and Feucht [33] and is

1/2 -1/2
J, = U, exp | aE (Egn AE.) (UDn - Uan) (10)
R-1/2
for multi-step tunneling and
—1/2
J, = U exp a(Egn— AEV)(UDn - U ) 11
R-:/27

for direct tunneling. Egn is the energy gap of the n~material, and Er is the
tunneling barrier for each tunneling step (via n-region traps). When plotted

on log-log scale, J_ appears to be a power law function JZ © V:n where m > 3

z

and m = 1 for I-V | <V .
an

for I~vani>v -~

Dn

4.3 I-U Characteristics, Experimental

The forward I-U characteristics presented in Figs. 4 and 5 do not show
exponential behavior and can not be directly linked to the functional depen~-
dence of Je’ Jr, JS or Jn. These I-U characteristics are more indicative of
space-charge-limited currents in the bulk ZnS, ZnSe when a substantial trap,
distribution is present. The high power law region represents the filling of
these traps while the break into a lower power law region represents the traps
filled condition. Rose [34] has shown that for an exponential energy distribu-

tion of traps, N_ = exp (E}Eo), the injected space charge current is

t
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JSCL = const Uan (5%_+ 1) (123

in the trap filling region. E is the trap energy, and Eo is a constant. When
the injected space-charge is sufficient to occupy all the trap levels in the
energy gap, the current becomes

Jgop = const Ua% ’ (13)
Both constants are mildly temperature dependent. Egn (12) indicates that the

slope. A log J, .. /AU an should be temperature dependent, and depend on the value

SCL
of EO. However the high power-law slopes seen in Fig. 4 are rather independent
of temperature which suggest that if an exponential distribution of traps is
the correct model, then EO varies with temperature. One must be cautious in
assuming that (12) is the correct functional dependence since more complicated
trap distributions could lead to similar I-U characteristics.

The forward I-U results suggest that the true heterojunction I-U charactex-
istic is masked by the space-charge-current flow in the moderately high resis-
tivity ZnS, ZnSe. Similar space-charge effects have been seen in ZnSe-Ge [32]
and ZnSe-GaAs [6] devices where the ZnSe resistivity was lO3 ohm-cm. However,
both the ZnSe-Ge [5] and ZnSe-GaAs [6] devices have shown transistor action (using
the ZnSe as a‘wide—gap emitter) indicating that the injected interface current
component Jn is substantial. Plans are under way to perform similar transistor
experiments with the nZnS-pGaP pair.

A roughly ohmic region is observed at low voltages in the nZnS~pGaP forward
I-U characteristic Fig. 4, that corresponds to either surface leakage or to the
heterojunction characteristic. At low forward voltages the heterojunction
impedance may be expected to be quite 1arge since the diffusion voltage, UD9 is
quite large. The resistance associated with the ohmic region is too large to be
assocliated with the 5X1030hm%cm ZnS. Similar ohmic regions were seen in both
ZnSe~Ge [32] and ZnSe-GaAs [35] devices.

The power~law variation of reverse current with applied reverse voltage

shown ianig. 6 for an nZnS~pGaP diode suggests a tumneling mechanism of the form
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| -1/2
I = Ua exp | M(Ua + UD)

] (14)
where M is given théoretically from (10) and (11) as
M = oF 1/2Rl/2(E - AE ) (15)
r gn v
for multi-step tunneling, and as
M= o/ 2@E -z )2 (16)
gn v

for direct tunneling.

M may be determined experimentally by replotting the data of Fig. 6 as log I/Uj

versus log (UD+Ua)_l/2. This is shown in Fig. 9. The wvalues of M are 30 at

BOOOK and 33 at 77°K. A value of UD = 2 volts (obtained from capacitance data,

Fig. 7) was used in Fig. 9. TUsing the values m*/mO = 0.19, Eﬁ/eo = 8.3,

N, = lxlOlacm._3

, (E -AE ) = 2.65 at 300°K and (E -AE ) = 2.68 at 77°K the
D gn v gn v

/
theoretical values of M are 2.5x103 Erl/2 voltsl/2 at BOOOK and 2.8xlO3 Erlfz

1/2

n ‘ o o . . .
volts at 77 K for the indirect tunneling process. A directitunneling process
must be ruled out by the large ZnS depletion width (about 1.8um at zero bias).

To obtain agreement between experimental and theoretical slopes a value

-4

of Er =10 ~ eV is necessary. This is an improbable wvalue since it would

.

correspond to

E ~-AE_ = 2.65 x lO4
g v

By
tunneling steps at 300°K. A very large number of band gap states would be
required to support such small energy transitions. Since such a high density
of band gap states is highly unlikely, a reverse transport mechanism other
than a simple multi-step Zener tunneling process is operative in these n~ZnS-
pGaP diodes even though the reverse I-U characteristic appears to agree

qualitatively with that of a tunneling process. In fact we can not exclude

a surface leakage mechanism since guard ring structures were not provided
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because of fabrication problems.

The reverse curfent in nZnS-pGap diodes was orders of magnitude larger
than that reported for ZnSe-Ge [32] and ZnSe-GaAs [35] diodes with 103 ohm~cm
ZnSe resistivity that were fabricated in the same HCl growth system. Yet
from band diagram considerations one would not expect the reverse current to
be appreciably different between the two types of diodes. Both ZnS and ZnSe
have wide depletion widths which should in part control tunneling current
magnitudes. Avalanche multiplication occurs above 25 volts applied reverse
voltage for both diode types (even including the large built-in field in the
ZnS-GaP diodes) and should not affect current magnitudes below this voltage.

The larger-than-expected reverse current obtained with nZnS~-pGaP devices
is probably related to the source of the noise and jitter, It is tentatively
suggested that the quality of the interface is responsible for the noise and
jitter. The lattice mismatch is 1% which is about 4 times that of ZnSe-Gahs.
Sufficient interfacial strain may have introduced dislocations into the ZnS
layer which serve as extra trapping centers to promote reverse tunneling
currents. Also nZnSe-pGaP devices (where the lattice mismatch is about 4%)
exhibited more noise and jitter than did nZnS-pGaP devices, lending some support
to .the suggestion that noise and jitter are related to the interfacial strain.
However, the GaP crystal quality (number of defects) and surface preparation
(perhaps a thin insulating film remains on GaP after polishing) are also sub-
ject to question as sources of noise.

Robinson and Kun [13], who grew GaP on 0.1 ohm-cm ZnSe and 0.5 cohm-cm
ZnSO.ASSeO.SS by solution growth techniques, report noise-free V-1 characteristics
and reverse breakdown voltages greater than 15 volts in their devices. This
indicates that (nZnSe, nZnS)-pGaP junctions with favorable characteristics can
be successfully fabricated by solution techniques (although there is always a

chance that a solid solution of ZnSe and GaP may be formed at the interface).
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It remains to be shown whether the same degree of success can be achieved with
the HCl vapor tramsport system by the use of better quality GaP substrate
material in the future.

The Anderson band model (Fig. 8(a)) predicts a value of U_ = 2.2 volts

D
13 -3 17 .
for nZnS-pGaP doped to n = 10 “cm (ZnS) and p = 5 x 10 (GaP). This agrees

v

fairly well with the values of U_ obtained from capacitance data (Fig. 7).

D
The dependence of C and UD on frequency can be attributed to the time response
of levels in the moderately high resistivity ZnS. Such frequency effects have
been observed in nZnSe-Ge [32] and nZnSe-GaAs diodes ['5]. The slope r = 0.4
indicates that the ionized impurity profile at 1MHz and 1KHz may lie somewhere
between that of a constant and a linear function of distance.

The absence of light emission in these devices is not understood. One
might argue that defect currents due to interface states and interface strain
dominate the forward conduction process resulting in no electron injection into
the GaP. Or the recombination of injected electrons in the GaP may be non-

radiative. Robin$on and Kun [11] have observed light emission in nZnSe-pGaP

diodes.
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III. Ge-GeAs HETEROJUNCTIONS

1. ©Low Temperature Growth of Ge on GaAs by Todine Transport

Work this quarter was directed toward the elimination of the unwanted
homojunction at the emitter—base junction of the n-GaAs-p~Ge-n~Ge heterojunction
transistor. As reported previously, the initial layer of germanium grown on
high resistivity and n-type GaAs seeds has always been n-type, even when a p-type
dopant has been present and the grown layers appeared p-type away from the
interface. At first surface contamination due to seed preparation was suspected;
however, inspection of the interface of p~doped la&ers grown on cleaved GaAs
seeds by a previously‘reported thermal probe technique also showed an n-type layer.
Next, a dopant delay due to redeposition of the dopant from the vapor phase onto
the connecting tubing walls was hypothesized. A run in which a lengthy pre-flow
through the dopant source was employed resulted in poor adhesion of the deposited
layers due to an initial layer of boron deposited on the seeds. A heater wrap

around the connecting tubing to keep the BI_, in the vapor phase was only partially

3
successful in thgt it did keep visible deposits from forming, but the interface
remained n-type.

The transient nature of the initiation of growth was suspected to
cause an initial rapid deposition of germanium as a surge of iodine from the
previously sealed iodine column was admitted to the growth tube. This rapid
growth of naturally occurring slightly n-type germanium was thought to overcome
the p-type dopant present until a steady state flow was established. Attempts
to pass this initial flow through the growth tube with the seeds at elevated
temperature (600°C), thus preventing deposition until a steady state flow was
established and the seed temperature lowered to 375°C for growth, were not
totally successful. A skin of high resistivity material was found on all sur-

faces of the GaAs seeds before deposition started, probably from indiffusion of

germanium, thus creating an additional unwanted layer in the device. In sddition,
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the germanium at the interface was still slightly n-type, although gentle
pressure on the thermal probe would cause the reading to change toward p-type,
indipating only a thin n-layer remained.

To provide for a dumping of the initial flow of iodine (actually hydrogen-
iodide from the source catalytic converter), a bypass was constructed around
the growth tube and out through the exhaust bubblers with suitable valves to
control flows and isolate the various sections of tubing. While this portion
of the system was disassembled, the intrinsic germanium source was removed and
replaced with a larger, more fully packed source. Following a purging run to
bring the surface of the new source germanium to growth cleanliness, a run was
made in which the bypass was used to shunt the first few minutes of the iodine

flow around the growth tube with the BI, connecting tube heater employed as well.

3

A preflow of BI, was used which was kept below that which previously caused non-

3
adhering layers. However, even this duration proved too long with the result
that these layers adhered but had a matte appearance and showed a tendency to
flake near the edges. The run was repeated with a very short B13 preflow but
otherwise identical conditions. This growth was the usual shiny well adhering
epi-layer and did indeed probe p~type at the interface. When mesa devices
were made from a p-Ge seed which was present in the deposition region, a barrier
of a few tenths of a volt was found between the grown layer and the seed from
its I-V characteristic. The polarity of this characteristic and size of the
barrier were such that the layer must have been near intrinsic p-type or slightly
n~type in the interfacial layer even though the bulk of the grown material was
3 x 10_2 ohm cm p-type.

To eliminate again the possibility of some surface contaminant causing the
interfacial layer, cleaved seeds were used. Since the total area presented for

interface and device investigation in the previous cleaving of GaAs was extremely
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small, it was desired to cleave a large area p-Ge sample for insertion into the
growth tube. The procedure of Palmer et al.36 for cleaving germanium was fol=-
lowed with a slight modification. The thick accurately oriented (1l11) sample
was slotted along its top only, the bottom being rigidly held by a flat support.
A wedge was then driven into the top slot causing the sample to cleave along
the (111) plane starting at the slot edge and presenting flat stepless areas
suitably large for subsequent mesa device fabrication. The bottom notch was
eliminated when it was found that it did not improve either the ease or quality
of the cleave.

A run was made using cleaved as well as conventional chemically polished

seeds in which the growth tube bypass was employed, the BI_, connecting tube

3

heater used, but with no BI., preflow. The interface of this growth was only

3
slightly n-~type which went to p-type as pressure on the probe was increased
indicating that the layer is very thin. Mesa devices made from the cleaved
p-Ge seed showed a barrier (as expected from the interface layer) with an I-V
characteristic similar to emitter—collector punch through of a low voltage
transistor, albeit with a large leakage component.

The previous run was repeated including cleaved as well as chemically

polished seeds, with the addition of a slight BI, preflow and an increase in

3

dopant carrier flow during the run. The connecting tubing for the BI3 was heated
and a lengthy preflow through the tubing via an external bubbler was used. The
interface layer on this growth probed just barely p-type. Devices fabricated
from the cleaved p-Ge seeds, however, showed the presence of an interfacial laver.

At this time a supply of diborane in helium carrier became available. After
a modification of the dopant introduction tip and coupling to permit the intro-

duction of dopants directly into the deposition region without passing them

through a higher temperature region (425°C vs 375-400°C in the deposition region),
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a pair of»runs was . made using the new dopant supply. In the first run the
layers grown were n-type throughout due to either the seeds having been placed
too far downstream, the dopant flow being too low, or a combination of these.
A distribution of seeds were placed in the next run, again with cleaved and
chemically polished seeds present, and the amount of diborane increased.
Probing of the interface from several of the seeds showed a p~type interface in
those seeds which were closest to the point of dopant introduction and grading
through a mixed p and n~-type interface to a totally n-type interface in those
which were furthest (5 cm) from the dopant inlet. Mesa devices made from the
cleaved p~Ge seed closest to the dopant inlet showed an ohmic characteristic
for currents up to 50 ma indicating no interfacial layer being present. De-
vices from identical cleaved p-Ge seeds which were further away showed a barrier
as seen previously.

A possible explanation for this grading in doping is an initial depletion
of the small amount of hydrogen iodide available in the deposition region. Ele~
mental boron is thought to be liberated from the diborane through an intermediate

reaction with the HI present to form BI, which then decomposes.37 Diborane is

3
not known to decompose directly to elemental boron and hydrogen at the tempera-
tures involved.38 A run is now being made to fabricate a transistor structure
using the diborane as a dopant source and seeds placed in close proximity to the

inlet to insure a uniform p-type layer at the interface.

2. Electrical Characteristics of a nGe-nGaAs Heterojunction

Further measurements were made on the n-Ge-n-GaAs heterojunction reported
during the last period. The barrier height determined by extrapolating the l/C2
versus voltage data to the infinite capacitance intercept was found to be .43
eV. Both forward and reverse I-V data were taken at a number of temperatures be~-

tween room and liquid nitrogen as shown in Figure 10. The n values correspond to
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the straight line portions of the respective curves. Using the analysis of Fang
and Howard,39 the zero voltage intercept of the linear portion of the reverse I~V
data is plotted as a function of 1/T as shown in Figure 11. The barrier height
deduced by a least squares fit to the slope of this line for our junction on the
(111)As face is .37 eV in agreement with the same value arrived at by Fang and
Howard for their devices. This should correspond to the AEC value for Ge-Gahs
but is considerably greater than the value of ~ 0.15 obtained from measurements
on n~-p and p-n Ge-GaAs»junctions. We plan to look at a variety of n-n, p~p, n-p
and p-n junctions with this growth system to help clarify this apparent incon-

sistency.
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